INTRODUCTION

H
umans have always been interested in their origins. Thus, nearly all cultures have stories about the origins of the first people. Seldom did these stories suggest that they came from other species, but instead held that our ancestors were always here in the spirit world, and they somehow became human, or that they were somehow otherwise created. However, for biological scientists, it has long been clear that we evolved from a long line of ancestors that were evermore less like ourselves as one goes back in time across previous generations. Dawkins 1 provided a rough impression of what it would be like to achieve time travel and go back over the series of ancestors by considering a series of contemporary species that progressively resemble us less and less until reaching unicellular species representing the ancestors of all animal life. Unfortunately, this effort is only an approximation, as it provides little detail about the behaviors, morphologies, and nervous system organizations of the actual ancestors who were successively modified to finally produce modern humans. The task of reconstructing the actual course of the evolution of humans is extremely daunting, and perhaps not completely possible. However, it can be done in ways that provide highly probable results. Accumulated findings from several fields allow conjecture about the evolution of humans from distant relatives to be ever better informed.
Here, the focus is on the evolution of the human brain. Of course, brains did not evolve in anticipation of any of the goals or aspirations of present-day humans, most of us now living in complex modern cultures and places tightly packed with others. Instead, we are here because all of our direct ancestors were successful in surviving and reproducing under different circumstances, and brains evolved that were plastic enough with the emergence of modern humans to serve us well today. But how do we reconstruct the evolution of human brains? We can learn little directly about the brains of long dead ancestors, so most of the information must come from careful, detailed studies of the brains of present-day (extant) mammals, other vertebrates, and even other animals. The logic and methods of using the results of comparative studies to infer aspects of brain (or body) evolution are now reasonably well established and have been in use for some time. [2] [3] [4] In brief, the central premise is that characters, traits, or features that are present in many current members of a phylogenetic radiation * Correspondence to: jon.h.kaas@vanderbilt.edu Department of Psychology, Vanderbilt University, Nashville, TN, USA (a clade) are most parsimoniously explained as being retained from a common ancestor. The clade can be of recent or ancient origin, for example, including only primates or all vertebrates. For example, the corpus callosum, a brain structure connecting the two cerebral hemispheres, is present in all placental (eutherian) mammals, not in egg-laying prototherian mammals (monotremes) or pouch-rearing metatherian (marsupial) mammals. It follows that the corpus callosum emerged as a new structure or character in the mammalian ancestors of all placental mammals, but after the branching of the mammalian radiation that lead to marsupials and monotremes.
A great advantage for current researchers is that the phylogenetic relationships of modern mammals are now much better understood. Phylogenetic relationships have long been constructed by comparing similarities in body organization across species, with the advantage that the fossilized skeletons of longextinct species could also be compared. However, independently evolved similarities (convergences) and long-term retentions of ancestral (plaseomorphic) anatomies confounded the construction of phylogenetic trees, until such comparisons were extended to the molecular and genetic levels. Thus, species are now compared by how similar they are genetically, and times of divergence can be estimated by assumptions about mutation rates scaled to evidence from the fossil record. 5, 6 Today, we know that tenrecs from Madagascar and shrews and hedgehogs from Europe, once placed in the Insectivore order, are not closely related, and not even in the same superorder. We also know from such studies that fruit-eating (megabats) and insect-eating (microbats) are closely related, as long suggested, but that neither is in the same superorder as primates, although megabats were recently thought to be primates by some, and all bats were previously thought to be close relatives of primates. These advances in understanding phylogenetic relationships are of obvious importance in comparative studies of evolution.
Another source of new information is from comparative studies of brain development. Across species, early stages of body and brain development are likely to be more similar, with divergences in outcomes becoming progressively more obvious at later stages. 7, 8 Studies of similarities and differences in brain development can usefully fill in the gaps in understanding that are there in mature brains because of extinctions of close relatives. As a major gap, the early amniote ancestors emerged from amphibians about 340 million years ago (mya) and divided into synapsids that lead to the first mammals, but left no other surviving members, and sauropsids, which lead to the various present-day reptiles and birds. The closest comparison for mammals is with modern reptiles, lines of separate evolution for over 320 million years. Fortunately, comparative studies of brain development in reptiles, birds, and mammals provide an improved understanding of how neocortex, the hallmark of the mammalian brain, emerged.
9-11 In addition, the fossil record continues to improve. The teeth and bones, which are most often preserved, tell us much about the behaviors of long-extinct ancestors or probable ancestors, and the endocasts of the insides of the skulls tell us about brain size and shape.
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The large temporal lobe of the skull endocasts of early primates, for example, implies the devotion of that expanded region of cortex to visual object recognition, as inferred from temporal lobe functions of modern primates. Moreover, much more can be inferred from fossil evidence of brain size, as we now know from brain scaling 'rules', based on studies of extant primates, how brains of different sizes should systematically differ in numbers of neurons. 13, 14 However, inferences about the evolution of the human brain most directly depend upon the results of studies of brain organization and function in various presentday species, whether the authors of these studies intended the results to be informative about brain evolution or not. Modern methods, together with the greatly expanded current research efforts, have greatly increased the number of observations that are relevant to the issue of brain evolution. In particular, understandings of the organization of human brains have greatly improved with the widespread use of noninvasive methods of investigation and comparative studies of primates including humans have been especially informative. Also, studies of gene expression in the brain have been very important. 15, 16 Unfortunately, the focus of research on the brains of only a few species has increased in recent years, to the detriment of inferences based on comparisons. Here, we provide a brief outline of major steps in the evolution of the human brain, an understanding that is rapidly expanding. fMRI (functional magnetic resonance imaging) 17 and diffusion-tensor imaging.
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THE BRAINS OF EARLY MAMMALS
This review of the course of the evolution of the human brain is necessarily limited to a few major changes, so we focus on the forebrain, which is the largest part of the brain, and especially the neocortex, which constitutes the major part of the brain in most mammals and mediates, for us at least, all conscious experience. Reptiles, birds, and mammals all have forebrains with similar major subdivisions, including an external cortex and subcortical nuclear structures. 19 Cortex includes a lateral region with olfactory functions, a dorsal region with sensory inputs, and a medial region mediating learning and memory. In reptiles, all three major subdivisions of cortex are rather similar in cellular organization, consisting of a single layer of pyramidal neurons and a scattering of smaller neurons with local, mainly inhibitory connections. The lateral cortex is olfactory in function as it receives inputs from the olfactory bulb, with inputs directly from olfactory receptors and pyramidal neurons of lateral cortex that project to subcortical structures to mediate behaviors. The apical dendrites of pyramidal neurons in dorsal cortex receive visual and somatosensory information from nuclei in the dorsal thalamus, and project to subcortical structures, and to medial cortex. In mammals, the lateral olfactory cortex, now called piriform cortex, and the medial cortex, now the hippocampus, are enlarged and have many more neurons. Yet, structurally they resemble the lateral and medial cortical regions of reptiles. Dorsal cortex, now called neocortex, is not completely new, as the name suggests, but dorsal cortex has been transformed into a thick structure that is traditionally subdivided into six layers with differing functional roles. 20 Most important, the apical dendrites of pyramidal neurons are no longer the main targets of sensory inputs from the thalamus, but instead, thalamic neurons target small neurons in layer 4 of cortex that distributes information to more superficial neurons, mainly in layer 3, which then targets other cortical neurons, including layer 4 neurons in other parts of neocortex. This innovation allows serial steps in cortical processing of sensory information, so that very complex computations are possible. Layer 4 information is also distributed to layer 5 neurons that provide outputs to subcortical structures and layer 6 neurons that provide feedback connections to sources of input. How this complex, laminated neocortex emerged in evolution is not completely clear, as the synapsid relatives of mammals left no other surviving members. However, studies of cortical development have indicated that phylogenetic changes in the generation and migration of the neurons were critical to the formation of neocortex (see Refs 9 and 11). Nevertheless, the basic laminar structure of neocortex proved to be extremely useful and adaptable, so all mammals have retained a dorsal cap of neocortex that greatly exceeds the dorsal cortex of reptiles in numbers of neurons, while varying greatly across mammalian species in absolute size, in size relative to the rest of the brain, and in number of functionally distinct cortical areas.
The endocasts of the skulls of early mammals indicate that they had little neocortex relative to brain size, with more of the forebrain devoted to piriform cortex and olfaction. However, some present-day mammals, especially humans, have huge amounts of neocortex, whereas others have intermediate amounts or not much more than that of early mammals. While the overall trend has been toward larger brains with more neocortex, 21 variability exists for a number of reasons. Most important, large brains are metabolically costly to maintain 22 and take a long developmental time to become fully functional. The resulting cost in reproduction rate must be met by the benefits the larger brains provide in promoting long life and the successful rearing of offspring. This works for some species, to varying extents, and not for others. Thus, small brains with little neocortex suffice for some species, and these mammals are the most useful to study in order to infer how the brains of the first mammals were organized.
Early mammals evolved from mammal-like synapsids over 200 mya. 6, 23 Fossil skulls indicated that these ancestors of mammals had smaller brains with smaller olfactory bulbs, little dorsal cortex that failed to extend over the midbrain, narrow cerebral hemispheres, and massive bones of the middle ear that limited the transmission of high-frequency sounds. From such fossil evidence, 24 Rowe et al. concluded mammal-like synapsids (cynodonts) differed from mammals in having 'low-resolution olfaction, poor vision, insensitive hearing, coarse tactile sensitivity, and unrefined motor coordination', together with limited sensorimotor integration. Early mammals had much larger forebrains, greatly expanded olfactory (piriform) cortex, a dorsal cap of neocortex, an expanded cerebellum, and a thicker spinal cord. They also had auditory specializations that would allow high-frequency hearing, and possibly they alone could use high-frequency communication calls. 25 Early mammals probably laid eggs, as present-day monotremes do. About 150 mya, a marsupial branch emerged with a short period of uterine development followed by an extended period of postuterine development and parental care, aided by a pouch in most present-day marsupials. Placental mammals evolved from one early branch of marsupials, as the ability to retain the embryo in the uterus for a long development time emerged. Placental (eutherian) mammals further diverged into four major branches that now constitute well over 90% of mammalian species. By comparing brain and especially cortical organization across current members of the six major branches, and seeing what features are common, we can infer that these features were likely retained from a common early mammal ancestor, and when some specializations were lost and others acquired. 2, 26 Common features are perhaps easiest to discover in small-brained mammals, because there is less brain and cortex to explore, but small-brained presentday mammals could also have simpler brains than their ancestors as features were lost when smaller brains sometimes evolved from ancestors with larger brains. 27, 28 In addition, early mammals needed to have some parts of their nervous systems develop very early since they hatched from eggs, as in presentday monotremes, or were born early in development, as in present-day marsupials, so that they could grasp maternal hair and nurse. 29 As placental mammals could have long gestation periods for brain development, they thereby escaped this restriction.
Overall, the comparative evidence indicates that early mammals had on the order of 15-20 cortical areas (see Figure 1 ) that were specialized for different functions, and therefore anatomically and physiologically distinct. 26 These areas included the primary visual, somatosensory, and auditory areas, as these areas can be easily identified in contemporary species by their histological specialization for receiving dense, direct, sensory inputs from the dorsal thalamus. For the most part, these areas have been identified in all adequately studied mammals, and a small remnant of primary visual cortex exists in even blind or nearly blind subterranean mammals. 30 Studies of neocortex suggest that the relative positions and internal organizations of these areas are specified and maintained in early development by regional gene expression patterns that create molecular gradients that structure the basic cortical locations and internal organizations of primary sensory areas for all mammals. 31 Early mammals also likely had other visual areas including a second visual area, V2, a visual area or areas in temporal cortex, and a visual area medial to primary visual cortex, prostriata. 26, 32 Auditory cortex may have included one or more secondary areas, in addition to the primary area or areas. 33 Somatosensory cortex included somatosensory areas along the rostral (RS) and caudal (CS) borders of primary cortex (S1 or area 3b), and one (S2) or two (S2 plus PV) secondary areas, and possibly a gustatory area. The cortex of the medial wall between the two hemispheres contained two or more subdivisions of retrosplenial cortex, and two to three divisions of cingulate cortex. Frontal cortex had at least medial and lateral divisions. We also include perirhinal and entorhinal cortex. Surprisingly, the comparative evidence indicates that there was no separate motor or premotor cortex, as cortical motor functions were mediated by primary somatosensory cortex, S1, and analysis of common features of neocortex of present-day mammals, and information about brain size and proportions inferred from endocasts of the skulls of early mammals. Primary somatosensory cortex, S1, was bordered by a rostral somatosensory area, SR, a caudal somatosensory area, SC, and a ventral secondary area, S2. A ventral gustatory area, g, may have been present as part of an 'insula' region near the rhinal sulcus, a shallow dimple in early mammals. Perirhinal and postrhinal areas were likely present. Auditory cortex (aud) had at least one primary area, and perhaps secondary areas, while visual cortex included a primary area, V1, the second area, V2, a temporal visual area, T, and a medial prostriata visual area. Cortex of the medial wall of the cerebral hemisphere included granular (RSg) and agranular, RSa, retrosplenial areas, and dorsal (ccd) and ventral (ccv) cingulate cortical areas. The frontal cortex included orbital frontal, OF, and medial frontal, MF, areas. A large hippocampus, connecting with entorhinal cortex, folded under caudal and medial neocortex. Piriform (olfactory) cortex was proportionately large, and the olfactory tract and bulb are shown. The small cap of neocortex failed to cover the midbrain, and the superior colliculus, SC, and inferior colliculus, IC, were exposed.
the rostral somatosensory strip (corresponding to area 3a of primates). Motor and premotor cortex emerged with the evolution of placental mammals 34 together with longer intrauterine development times. Possibly, a relaxation of the need for precocious development of subcortical motor control of prehension facilitated the emergence of greater cortical motor control in placental mammals. The major cortical pathway between the two cerebral hemispheres, the corpus callosum, also emerged with placental mammals, and this shorter pathway would save axon conduction times, a savings important in especially larger brains. 35 The brains of modern monotremes, platypus and echidna, are highly specialized for somatosensation and electroreception, which evolved as a part of the somatosensory system, 36 whereas the surviving 265 marsupial species are quite varied in behavioral adaptations, brain size, and probably brain organization, although this has not been well studied. However, modern opossums and possums have changed little in overall morphology and brain size over the last 100 million years, 37 and the similar organizations of the brains of distantly related American opossums 34, 38 and Australian possums 39 suggest that the organizations of these brains closely reflect those of the brains of early mammals.
Early placental mammals emerged about 125 mya, and they did not appear to be much different in body form than early marsupials and present-day opossums. 40 They continued to have small brains with relatively little neocortex with, of course, the addition of motor cortex. Major branches of the placental radiation included the superorder Xenarthra with armadillos, sloths, and anteaters, Afrotheria with tenrecs, aardvarks, elephants, and others, Laurasiatheria with shrews, bats, cats, cows, whales, and others, and Euarchontoglires with rodents, rabbits, tree shrews, flying lemurs, and primates. 23 Members of these branches evolved nervous systems that specialized in various ways, even in members with small brains, so that armadillos have an enlarged olfactory system, and echolocating bats have a greatly enlarged and modified auditory system. 26 Whales, elephants, and humans have greatly enlarged brains that have been considerably modified from those of the early placental (eutherian) mammals, as have the brains of some carnivores and some ungulates, although to a lesser extent. In addition, there are differences in the structural organizations of shared parts of the brains of mammals that characterize major branches of the radiation of placental mammals. For example, one can identify a brain as being from a carnivore or a primate by just looking at the lateral geniculate nucleus of the visual thalamus. 41, 42 What such differences might mean functionally is beyond the scope of this review, but the existence of clade-specific traits raises the issue of what features characterize the brains of primates.
Volume 4, January/February 2013Also, brains vary from no fissures to many in neocortex, with different fissure patterns characterizing different clades of mammalian evolution, and larger brains having more and deeper fissures. 43 The fissure patterns serve as useful markers relative to cortical areas, and connection patterns between cortical areas may have a role in the formation of fissures. 44 ,45
THE BRAINS AND NEOCORTEX OF EARLY PRIMATES
Primates provide many opportunities for comparative studies as this highly diversified order consists of 14 families and over 350 species. Archaic primates emerged about 82 mya and formed strepsirrhine (lemurs, lorises, and galagos) and haplorhine branches about 65 mya. 5 Tarsiers soon emerged as a branch of the haplorhine radiation, while the remaining branch of anthropoid primates splits into New World and Old World branches of monkeys about 35 mya. Apes emerged as a branch of the Old World anthropoids about 25 mya, whereas the split of bipedal ancestors of present-day humans from bonobo and chimpanzee ancestors occurred as recently as 6 mya. 23 Primates have adapted to a number of environments and, in doing so, vary greatly in size from the 40-g mouse lemur to the 200-kg male gorilla. Primate brains also vary greatly in size from under 2 g in mouse lemurs to as much as 16,000 g in humans. This impressive range provides a unique opportunity for researchers to study the relationships of brain size to number of neurons and other variables. 13 Strepsirrhine primates are of special value for those interested in studying the evolution of primates because their skeletons resemble those of early primates more closely than those of tarsiers and monkeys, and their brains are closer to those of early primates in relative size and proportions.
The clade Euarchonta includes flying lemurs (Dermoptera), tree shrews (Scandentia), primates, and their extinct relatives including the once widespread stem primates. The fossil evidence suggests that the ancestral euarchontans were small (10-20 g), arboreal, and insectivorous, much like the nocturnal, modern-day tree shrew, Ptilocercus. 46 Stem primates (Plesiadapiforms) had grasping hands and feet, and were thus adapted to feed in the terminal branches of trees and bushes on fruit, buds, and insects. 47 They had convergent orbits, indicating the importance of frontal vision. They had a large brain relative to body size, but not as large as present-day strepsirrhines, and an expanded temporal lobe, suggesting an emphasis on vision.
Brain organization has been studied extensively in strepsirrhine galagos, as well as in both New World and Old World monkeys. Although galago and monkey brains differ considerably in a number of brain features, as well as overall brain size relative to body size, they also share a remarkable number of brain features, which distinguish them from nonprimates. This is particularly apparent in the visual system, where the dorsal lateral geniculate nucleus of the visual thalamus has a lamination pattern of parvocellular and magnocellular layers that identify all primates, but differ from all non-primates. 48 Likewise, galagos and monkeys have a similar arrangement of nuclei in the pulvinar of the visual thalamus, 49, 50 and the superior colliculus of the midbrain represents only the contralateral visual field, in contrast to other mammals where it represents the complete visual field of the contralateral eye. 51 The representation of the hand in the somatosensory thalamus of galagos and monkeys is large, with subdivisions for each finger, and primates have two somatosensory nuclei, ventroposterior superior, and ventroposterior inferior, which are not easily identified in most non-primates. 41 In the neocortex of galagos, a number of cortical areas have been identified that are different or well defined only in primates. 52 In all primates, primary visual cortex has separate processing modules, the so-called blob and non-blob regions, which process color or stimulus orientation information. However, lamination patterns vary in distinctiveness and in anatomical structure, 53 and genes that are highly expressed in layer 4 of primary visual cortex and are activity dependent are less expressed in prosimian primates and New World monkeys. 15 Thus, levels of expression are higher in primates more closely related to humans and are very low in rodents and carnivores. The second visual area has modular bands of cortex with different inputs and outputs. A third visual area, V3, is well defined. A middle temporal visual area, MT, and associated visual areas (MTc, MST, and FST), and a dorsomedial visual area (DM), all contribute to the visual guidance of motor behavior. The temporal lobe is large and has several proposed visual areas. Auditory cortex also has an arrangement of primary and secondary areas that is similar in all studied primates, but different from non-primates. 33 In motor cortex, primary (M1), ventral and dorsal premotor, supplementary motor, and cingulate motor areas are all well defined, and similar in galagos and monkeys. 54 Non-primate placental mammals may have a dorsal premotor or supplementary motor area, but the ventral premotor area appears to be unique to primates. 55 Prefrontal cortex is large and includes a large granular subdivision that may not exist in mammals other than primates. 56 . Unlike tree shrews and other close relatives of primates, galagos and other primates (see Figure 2) have a large region of posterior parietal cortex, and this cortex has a number of subregions or domains where reaching, grasping, defensive, eye, and other movements can be evoked by electrical stimulation. 57 This large region of cortex appears to be involved in the selection, planning, and guidance of movement patterns via sensory inputs and outputs to motor and premotor cortex.
Primate brains also differ from those of other mammals in average neuron packing density and average neuron size. 13 In the non-primates that have been studied, neuron densities decrease and neurons get bigger as species with larger brains are considered, whereas as primate species with larger brains are considered, the neuron densities and average neuron sizes remain the same, resulting in greater numbers of neurons for especially larger brain sizes in primates compared with non-primates. This neuron advantage may be part of the explanation for greater cognitive abilities in primates, especially as much of this result depends on the high neuron packing density that is maintained as neocortex increases in size across primate species. Furthermore, neuron packing density is especially high in primary sensory cortex of primates, but not non-primates. 58 This is especially the case for primary visual cortex, where neuron packing densities can be three to five times higher than in other regions of cortex. As densely packed neurons are overall small, they have more limited activating inputs, preserving the details of information while being less integrative in function. 59 A special feature of neocortex in primates is that it is subdivided into more functionally distinct areas than in non-primates (or most non-primates as more study is needed), and this allows for the greater specialization of some areas, with morphological consequences. Thus, some areas in primates, such as V1, are anatomically specialized for preserving and analyzing small bits of information, whereas other areas, prefrontal cortex, for example, are specialized for broad integrative functions. As large cortical areas, such as V1, are better for detail, and small cortical areas for integrating diverse inputs, primates have few large areas and many small areas.
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THE EVOLUTION OF HUMAN BRAINS: CONCLUSIONS FROM THE FOSSIL RECORD AND COMPARATIVE STUDIES OF MONKEYS, APES, AND HUMANS
Three major features characterize human brains from those of early monkey and ape ancestors. First, the human brain has increased tremendously in size, especially in the amount of neocortex which came to constitute 80% of the human brain. 60 Second, some parts of neocortex have greatly enlarged relative to the rest of neocortex, most notably prefrontal, insular, posterior parietal, and temporal cortex. These are the same regions that continue to grow the most as they mature during human postnatal development. 61 In contrast, some parts of the cortex did not expand as the large human brain evolved, notably the primary sensory and motor areas. 62 Third, although the evidence is limited, the number of cortical areas, the fundamental functional divisions of cortex, greatly increased with the evolution of human brains. Neocortex in early mammals had roughly 20 cortical areas, whereas neocortex in humans likely has roughly 200 areas, a 10-fold increase. Evidence for these conclusions comes in part from the fossil evidence of the great increase in brain size from early ape-like ancestors to modern humans, and from comparative studies of monkey, ape, and human brains. 48 Apes emerged as a branch of the anthropoid primate radiation some 30 million years ago (mya). They formed an initially large and varied radiation, which was subsequently reduced to the surviving lesser apes, gibbons, and siamangs, and the great apes, and orangutans, gorillas, chimpanzees, and bonobos. Early apes had body and brain sizes that overlapped those of the larger Old World monkeys (∼100 cm 3 ), which is considerably smaller than the great ape range of 275-752 cm 3 . 63 Our early bipedal ancestors, including archaic hominins, separated from the ape ancestors of chimpanzees and bonobos, our closest living relatives, some 6 mya. As expected, our early hominin ancestors had brains the sizes of great apes, but they were distinguished by modifications in the skeleton that indicated that they were bipedal, an adaptation to the savanna that provided more distant vision, less exposure to the overhead sun, and allowed modifications of the hominin hand that provided advantages in tool use and carrying food and offspring. 64 Over the last 2 million years, the brains of ancestors increased greatly in size from the 400-600 cm 3 range to the 1200-1600 cm 3 range of modern humans. 65, 66 This increase in brain size came at a considerable cost in metabolic requirements 22 and deferred reproduction while brains matured. These requirements were met in part by an emphasis on obtaining higher grade foods, and the processing of foods to promote efficient digestion by grinding, and over the last 1 million years or more, by cooking. shared by all primates. Macaque monkeys, apes, and humans have larger brains with more cortical areas. Compared to early mammals, primates have an array of visual areas, including V1, V2, and V3, rostral and caudal dorsolateral areas, DLr and DLc, a dorsomedial area, DM, a medial area, M, a prostriatal area, PS, a middle temporal area, MT, and associated areas, MTc, MST, FSTd, and FSTv, and perhaps four subdivisions of inferior temporal cortex, IT. Anterior parietal cortex includes a primate area, 3b or S1, bordering areas 3a and 1 (compare with SR and SC of early mammals) and an area 2. Somatosensory areas of the lateral sulcus (LS) include S2, the parietal ventral area, PV, and rostral and caudal divisions of ventral somatosensory cortex, VSr and VSc. Primary auditory cortex includes A1, the rostral area, R, and the rostrotemporal area, RT. A belt of secondary auditory areas includes the caudomedial area, CM. The parabelt represents a third level of cortical auditory processing. Motor cortex includes the primary area, M1, dorsal and ventral premotor areas, PMD and PMV, a supplementary motor area, SMA, with a eye (E) movement region, a frontal eye field, FEF, adjoined by a frontal visual area, FV, and rostral and caudal cingulate motor areas, CMAr and CMAc. The insular cortex has a gustatory field in the region of the parietal rostral, PR, cortex. Posterior parietal cortex, PPC, contains a more rostral half divided into domains for specific movements, PPC move, and a caudal half dominated by visual inputs. As for all eutherian mammals, there is a corpus callosum, cc. Only part of the hippocampus, Hip, is shown where it adjoins postrhinal cortex. skills so that they are long dependent on their parents and other adults for food that is high in calories (energy), lipids, and proteins and easy to digest, as well as protection. Our early ancestors (and presentday chimpanzees) were dependent on their mothers up to 5 years, and this increased to mid-teens in humans. 68 Fortunately, large brains are associated with longer life spans in primates. 69 Nevertheless, of the more than 20 hominin species that emerged over the last 6 million years, ours is the only one that exists today. Neanderthals with brains the size of Homo sapiens persisted until ∼30,000 years ago, whereas the small Homo floresienses with small brains, ∼420 cm 3 , died out some 1200 years ago. 65 The evolution of large, costly, slowly developing brains did not always work out.
Unfortunately, we know little about the organization of the brains of extant apes, other than from a few older experimental studies of limited value, studies of the proportions of parts of brains and a few more recent studies of brain architecture and patterns of gene expression from brains obtained after natural death. 16, 70 Much more is now known about human brains, because of the widespread use of fMRI and other noninvasive ways of investigating human brain organization and function. Some of the imaging methods have been adapted for limited use in anesthetized chimpanzees. 18, 71 Thus, most comparisons of human brain organization have been with the brains of Old World macaque monkeys, 72 which have been extensively studied with experimental and histological methods. Yet, we know from histological and imaging approaches that primary sensory and motor areas in chimpanzees are about the same size as in humans, although our brains are three or more times larger. We also know that some of the differences in the right and left cerebral hemispheres associated with language areas in the human brain also occur in chimpanzee brains, 73 although chimpanzees do not have language. However, MRI results suggest that pathways from temporal to frontal areas in humans that are involved in language are differently organized in chimpanzees. 18 Nevertheless, asymmetries in the shapes of the two cerebral hemispheres associated with functional differences in humans are seen in great apes and in fossil hominins, suggesting that hemispheric specializations emerged long in the past, more than 6 mya, although they are more pronounced in humans. Hemispheric specializations would reduce the need for large numbers of thick, rapidly conducting axons between the two hemispheres, which otherwise could be costly in terms of their bulk, and reduce the problem of interconnecting distant populations of neurons. 35 This is an increasing issue as brains get bigger. While axon diameters are thicker and faster conducting in the corpus callosum of chimpanzees than in macaque monkeys, no further increase in axon thickness occurs in the corpus callosum of humans. 74 This suggests that hemispheric specializations in hominins reduced the need for large axons in the corpus callosum. Studies of split-brain patients have revealed that many different specializations exist in the right and left cerebral hemispheres of humans. 75 It is also known that some cortical regions of the large human brain have increased in size more than others. A mark of the human brain is the large frontal lobe, the cortex that is in front of the 'central sulcus', a sulcus that is more frontal than central in most primates. While humans do have the largest amount of frontal cortex, five to six times larger than in a chimpanzee, the frontal lobes are not disproportionately large, relative to the rest of the brain, in humans compared with great apes. 76 What is proportionately larger in humans is the prefrontal cortex, especially area 10 76 that is involved in higher cognitive functions, such as the planning of future actions, undertaking initiatives, and attention. Granular frontal cortex in humans is not only large, but also it has pyramidal neurons with more complex dendritic arbors and more spines for synapses. 77 Passingham and Wise 55 proposed that granular prefrontal cortex evolved in anthropoid primates as it promoted more effective foraging by reducing risky and unproductive behaviors. There are also many other differences that characterize the frontal cortex of humans. We have long known that part of the left frontal lobe, Broca's area or region, is specialized for language production. Other specialized features of frontal cortex have been reviewed by Passingham and Wise, 55 and Semendeferi et al. 78 The amount of cortex in the lateral fissure varies greatly across primates, from a rather shallow fissure in some prosimians to a deep fissure with a large fundus or floor, the insula, which looks much like a mushroom cap with the banks of the fissure forming the stem. The upper or rostral bank of the lateral sulcus is largely devoted to somatosensory areas and functions, whereas the lower or caudal bank is associated with auditory areas and functions. The fundal region or insula is generally subdivided into three regions on the basis of differences in the development of layer 4, the granular cell layer. Thus, there is a posterior granular region followed by more anterior dysgranular and agranular regions. 79 A most rostral region of the insula is distinguished in humans and apes by the presence of an unusual type of neuron, the von Economo or spindle-shaped neurons, which are more common in the right than the left insula. 80 The human insula is amazing in absolute size. Even in proportion to the rest of the brain, the insula in humans is larger than those in apes and other primates. 81 Overall, the insula has regions and areas involved in processing information about taste, pain, temperature, touch, and internal state, but in the greatly enlarged human insula, new regions have emerged, including those mediating empathy and social awareness. 82, 83 Another region of special enlargement is the posterior parietal cortex. The non-primate ancestors of primates had little posterior parietal cortex, but all primates have a large posterior parietal region where somatosensory and visual inputs influence areas or domains of cortex that are involved in planning, imitation, and executing reaching, grasping, selfprotection, and eye movements via their projections to motor and premotor cortex. 57 Posterior parietal cortex is exceptionally large in humans, where functional areas identified in monkeys have also been identified, but additional regions of posterior parietal cortex have expanded the scope of the original functions to help mediate functions, such as the skilled use of many types of tools that are particularly human. All primates have domains, small subdivisions of posterior parietal cortex, where electrical stimulation can enable eye, defense of the head, reaching, grasping, and other ethologically relevant movements via connections with motor and premotor cortex, 57 but humans appear to have more subdivisions. 17, 72 In addition, the right and left posterior parietal regions are differently organized in humans. Thus, the right hemisphere networks have a dominant role in visuospatial attention, so that lesions often produce visuospatial neglect of the opposite visual hemifield.
Human brains also differ from all other primate brains in having more cortical areas, and this may be more important than overall brain size. 48 There is compelling evidence that Old World macaque monkeys have more cortical areas than prosimian galagos that apes probably have more areas than monkeys, and that humans have far more than monkeys. However, the exact numbers are missing as areas can be very difficult to identify, and thus we are left with estimates. The cortical areas proposed for macaque monkeys, for instance, are drawn from a number of studies, with some of these areas now well established as valid by various types of evidence, and others based on limited evidence, such as perceived differences in histological appearance or in apparent differences in connections with other parts of the brain. As evidence accumulates, borders will change and proposed areas will change and proposed areas will be subdivided, so that present estimates may be too small. However, galagos appear to have at least 50 cortical areas, 85 and as many as 129 areas have been proposed for macaques. 86 Human brains (where less is known experimentally, but evidence is accumulating) may have as many as 150-200 or more cortical areas. 87, 88 Consistent with this premise is the evidence that in the three-times larger human brain, the well-defined primary sensory and motor areas are about the same size as in a chimpanzee brain. Thus, all areas did not simply get bigger, as more areas were likely added, providing new functions and more levels of analysis.
PROLOGUE
While the emphasis of this review has been on neocortex, as this part expanded so much in the evolution of the human brain, changes in any part of the brain affect and modify many other parts. As one example, the superior colliculus of the visual midbrain receives cortical projections in all mammals, but the information relayed to the superior colliculus changes as neocortex adds areas and modifies others. As another example, the number of neurons in the cerebellum scales with the number of neurons in the neocortex of primates, providing evidence that they are functionally interrelated. 89 Changes in the organization and size of neocortex are also reflected in cortical projections to the basal ganglia, the dorsal thalamus, the amygdala, and the hippocampus. In addition, primates and especially humans have lost some brain functions. Most notably, monkeys, chimpanzees, and humans have progressively fewer functional genes for olfactory receptors, representing a progressive loss of olfactory function. 90 Yet, some types of olfactory processing in orbital frontal cortex may be enhanced in humans. 91 Thus, we have only covered a small part of a complex story.
